We demonstrated a small sensitivity to temperature variations of delay-line Mach-Zehnder interferometer (DL MZI) on a Si photonics platform. The key technique is to balance a thermo-optic effect in the two arms by using waveguide made of different materials. With silicon and silicon nitride waveguides, the fabricated DL MZI with a free-spectrum range of 40 GHz showed a wavelength shift of -2.8 pm/K with temperature variations, which is 24 times smaller than that of the conventional Si-waveguide DL MZI. We also demonstrated the decoding of the 40-Gbit/s differential phase-shift keying signals to on-off keying signals with various temperatures. The tolerable temperature variation for the acceptable power penalty was significantly improved due to the small wavelength shifts.
INTRODUCTION
Silicon (Si) photonics is one of the most promising technologies for overcoming the limitations on integration in commercially available silica-based planar-lightwave circuits. This is because it provides ultra-compact waveguides and makes the monolithic integration of active and passive devices possible (Lockwood and Pavesi, 2010; Vivien and Pavesi, 2013) . Many compact devices, such as arrayed-waveguide gratings, Mach-Zehnder interferometers (MZIs), and ring resonators, have been reported using Si (Fukazawa et al., 2004; Xia et al., 2007) and silicon nitride (SiN) waveguides (Gondarenko et al., 2009; Chen et al., 2011) . One of the issues with these devices is performance degradation with temperature variations due to the thermo-optic (TO) coefficient's of Si (~1.86 × 10 -4 /K) and SiN (4~5 × 10 -5 /K) being higher than that of the silica (~1.0 × 10 -5 /K). To overcome this issue, athermal designs of Si-waveguide delay line (DL) MZIs have used different effective-index changes with temperature (dn eff /dT) in the two arms to balance the TO effects in them (Uenuma and Motooka, 2009; Guha et al., 2010; Hai and Liboiron-Ladouceur, 2011) . In the previous studies, dn eff /dT was controlled by means of the different optical confinement in the Si cores of narrow and wide Si waveguides. However, the dn eff /dT of the narrow waveguides significantly depended on the core width; therefore, inevitable fabrication errors made it difficult to minimize the TO effect. To prevent the problem, the dn eff /dT should be controlled by changing the TO coefficients of the materials, without using a narrow waveguide. In our previous work, we reported control of the refractive indices and TO coefficients of complementary metaloxide semiconductor (CMOS) compatible materials by changing the atomic composition of SiOx, SiOxNy, and SiN (Tsuchizawa et al., 2011; Nishi et al., 2012; Hiraki et al., 2013) . Using these materials, in this work, we minimized the temperature sensitivity of the DL MZI. In the following sections, we show the details of the design and fabrication of the DL MZI and present experimental results. In addition, as a feasibility demonstration, we show the thermal stability of the decoding of differential phase-shift eying (DPSK) signals to on-off keying (OOK) signals at 40 Gbit/s. Figure 1 shows a schematic of the DL MZI. The temperature sensitivity could be minimized by balancing the TO effect between the two arms, while keeping the differential delay between them. The interference condition is expressed as following equation (Guha et al., 2010) 
DESIGN AND FABRICATION
Here, m is an integer for constructive interference or a halfinteger destructive interference, n eff, 1 and n eff, 2 are the effective indices, and L 1 and L 2 are the physical lengths of arm 1 and 2. Then, the temperature sensitivity of the interference spectrum could be obtained by differentiating above equation with respect to temperature, as expressed by following
Athermal condition is given by the numerator of this equation to be 0. Since we have two design parameters L 1 and L 2 , we can make dλ/dT to be 0 while keeping the differential delay. The key technique is to control dn eff /dT by changing the core materials of the two arms. In this work, we used Si and SiN waveguides in the www.frontiersin.org CMOS compatible materials. In the design, the refractive index and the TO coefficient of the SiN core are 2.0 and 4.0 × 10 -5 /K, respectively. The core thicknesses of the waveguides were fixed at 220 and 400 nm, respectively. Figure 2 shows the calculated results of relationships between dn eff /dT and the core widths of the Si and SiN waveguides. For little change of the dn eff /dT with width variations, we used a 440-nm-wide Si waveguide as arm 1, and an 800-nm-wide SiN-waveguide as arm 2, respectively. We designed the DL MZI with a free spectral range (FSR) of 40 GHz. The FSR is given by the inverse of the differential delay, or 1-bit delay time ∆t = (n g, 2 L 2 -n g, 1 L 1 )/c, where n g, 1 and n g, 2 are group indices of the arm 1 and 2, and c is the speed of light in vacuum. Under this differential delay condition, the dλ/dT can be 0 by choosing the L 1 and L 2 as 0.95 mm and 5.77 mm, respectively. It is notable that if we could use the state-of-the-art fabrication process with width variations of 3 nm (Shimura et al., 2014) , the dλ/dT could be less than 0.1 pm/K, which is over 10 times smaller than that using a 280-nm-wide (narrow) Si-waveguide as arm 2 (Hai and Liboiron-Ladouceur, 2011) with the same width variations.
As other features to construct the DL MZI structure, we used the inverse taper of the Si waveguide for the fiber-chip interface, and 2 × 2 Si-waveguide multimode interference (MMI) couplers. The taper-tip width and the taper length of the fiber-chip interface were 200 nm and 300 µm, respectively. Since the Si and SiN waveguides were formed in different layers, the interlayer coupler (ILC) between them was designed using adiabatically tapers (Huang et al., 2014) . We introduced the ILCs into both arms to cancel out their phase delays. In addition, as reference samples, we designed a conventional Si-waveguide DL MZI and a SiN-waveguide DL MZI without any compensation for thermal sensitivity (dn eff, 1 /dT = dn eff,2 /dT). In the conventional DL MZIs, both arms comprised of the same structures, which were the 440-nm-wide Si waveguide and the 800-nm-wide SiN waveguide.
The DL MZI was fabricated on an 8-inch silicon-on-insulator wafer, whose buried-oxide thickness was 3 µm. The Si waveguides were first patterned; then, a clad film was deposited. After that, the clad film was flattened, and SiN-waveguide cores were formed. The interlayer clad thickness between the Si and SiN waveguides was controlled to be 100 nm. Finally, an overclad film was deposited. A microscope image of the fabricated Si-SiN-waveguide DL MZI is shown in Figure 3 . The total size of the fabricated DL MZI is~0.56 mm 2 /ch, which is comparable to that of the conventional SiN-waveguide DL MZI. It is still larger than that of the Si-waveguide DL MZI; however, it is several-hundred times smaller than one made of the commercially-used silica.
RESULTS AND DISCUSSIONS
We measured transmission spectra of the fabricated DL MZI. We used a tunable laser diode (TLD) as a light source and swept the wavelength of the input light, and measured output light power from the bar port. The input and output fibers were lensed fibers with mode-field diameters of~3.5 µm, and the polarization of the input light was adjusted to the transverse electric (TE) mode. The chip was set on a temperature-controlled stage by using a heat-dissipation tape. We measured the transmission spectra of the DL MZIs, while varying the chip-stage temperature range from 298-302 K so that the wavelength shift should not exceed the FSR. Figures 4A-C show the transmission spectra of the Si-SiNwaveguide DL MZI, the conventional SiN-waveguide DL MZI, and the conventional Si-waveguide DL MZI at 298 and 300 K. The output powers were normalized by the fiber-to-fiber transmission spectra. It is clear that the Si-SiN-waveguide DL MZI highly suppresses the wavelength shift with temperature variations. The measured FSRs and the dλ/dT are listed in Table 1 . The TO effects of the fabricated SiN-and Si waveguides are almost consistent with their designs. The dλ/dT of the Si-SiN DL MZI is over six times smaller than that of the conventional SiN waveguide, and 24 times smaller than that of the conventional Si-waveguide DL MZI. Although the dλ/dT of the Si-SiN DL MZI is larger than the expected value (<0.1 pm/K) because of the large fabrication error over 3 nm, the measured result is still better than those for DLI MZIs with narrow Si waveguides (Uenuma and Motooka, 2009; Guha et al., 2010) . The FSR of the Si-SiN DL MZI is 40.5 GHz, which is only about 1% different from the target value. The insertion loss of the Si-SiN-waveguide DL MZI is~13 dB, which includes the fiber-chip coupling loss of~2 dB/facet and the interlayer coupling loss of~0.5 dB/couple. The extinction ratio is~17 dB, which is mainly determined by an imbalance of propagation loss between two arms of the MZI and an unintentional imbalance of the MMI branch. The propagation loss of SiN and Si waveguides are~12 dB/cm and~4 dB/cm, respectively. The unintentional imbalance of the MMI branch is 1.3 dB. Although the imbalance between two arms is large, the imbalance of the MMI branch improves the extinction ratio. The insertion loss and extinction ratio would be further improved because a well-controlled fabrication environment would reduce the SiN-waveguide loss (Huang et al., 2014) . We must mention that the device was designed for only TE mode light. For polarization diversity circuits (Fukuda et al., 2008) , a polarization rotator using parallel cores has already been demonstrated using the same Si and SiN layers as in this work (Fukuda and Wada, 2014) .
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As a feasibility demonstration, we applied the Si-SiNwaveguide DL MZI to decode 40-Gbit/s DPSK signals. Figure 5 shows the experimental setup. We input the DPSK signals with a non-return-to-zero (NRZ) 40-Gbit/s pseudo-random bit sequence (PRBS) of length 2 31 -1. The eye diagram of the input signals is shown in the inset of Figure 5 . The polarization state of the input light was adjusted to the TE mode. The output light was coupled by the lensed fiber and then switched to the optical spectrum analyzer or the photodiode. The electrical signals from the photodiode were amplified then fed into the sampling oscilloscope. Figures 6A,B show the constructiveand destructive-interference spectra of the bar port at frequency of 193.611 and 193.592 THz, respectively. They were measured at 298 K. The decoded 40-Gbit/s signals were observed as 40-GHz-span dips in the destructive-interference spectra. Their eye diagrams are shown in the insets of Figures 6A,B , respectively. Here, the vertical axis is 20 mV/div and the horizontal axis is 10 ps/div. The two output signals carried logically inverted data streams in the DPSK format. The constructive interference carried duobinary, whereas the destructive-interference carries alternate-mark inversion (Gnauck and Winzer, 2005) . Using the destructive interference, we demonstrated a thermal tolerance to decode the DPSK format to the OOK format (Winzer and Leuthold, 2001; Lazzeri et al., 2010) . Figures 7A,B show the eye diagrams of the destructive-interference signals at 299 and 302 K, respectively. The eye diagrams clearly open at 302 K, corresponding to a temperature variation of 4 K from the initial temperature (298 K). From the measured dλ/dT of -2.8 pm/K, the estimated frequency shift by the temperature www.frontiersin.org variation of +4 K is -1.4 GHz, which could cause only about 1-dB penalty for a 40-Gbit/s system (Hoon and Winzer, 2003) . By using the state-of-the-art fabrication process, as discussed in the above section, the tolerable temperature variations could be over 90 K. As references, the eye diagrams of the conventional Si-waveguide DL MZI at 298 and 299 K are shown in Figures 8A,B , respectively. Here, the vertical axis is 69.7 mV/div and the horizontal axis is 10.0 ps/div. The eye diagram was completely closed with a temperature variation of only +1 K. These results clearly show that the Si-SiN-waveguide DL MZI actually improves the thermal-insensitivity of the Si-photonic DL MZI and that it has a potential to be used in the telecommunications devices. A well-controlled fabrication environment would reduce the insertion loss of the DL MZI and also improves the signal-to-noise ratio.
CONCLUSION
We demonstrated a small sensitivity to temperature variations of DL MZI on a Si-photonics platform. The key technique is to balance the TO effect in two arms by using waveguides made of different materials, which are Si and SiN. The Si-SiNwaveguide DL MZI with an FSR of 40 GHz showed dλ/dT of -2.8 pm/K, which is about 24 times smaller than that of the conventional Si-waveguide DL MZI. The technology has the potential to reduce temperature sensitivities of various Si-photonic devices, such as wavelength filters, phase demodulators, and ring resonators. 
